Cardiovascular complications are the leading cause of death in Type 2 diabetes (T2D) patients \[[@B1],[@B2]\]. However, other complications such as neuropathy often develop with time, and hence confer a significant burden on the quality of life and morbidity of affected individuals \[[@B3]\]. Charcot foot (CF) disease is a rare but severe complication of diabetes, which is associated with an increased risk of soft tissue infections, foot ulcers and amputations \[[@B4]\], and a high degree of morbidity and mortality \[[@B5]\]. The condition occurs most commonly in patients with diabetes suffering from severe peripheral neuropathy, often with coexisting sympathetic denervation, causing increased blood flow to the foot and increased bone resorption \[[@B6]\].

Inflammation is always present in CF disease and actively participates in the pathophysiology of the disease as it is the case in most of diabetic foot syndrome \[[@B7]\]. An excessive bone loss has been reported in CF; it is believed to be mediated by an uncontrolled and excessive inflammation \[[@B8],[@B9]\], leading to an increased numbers of osteoclasts and their activity \[[@B10]\]. In patients with acute CF disease, monocytes exhibit a pro-inflammatory modulation of their surface, secrete less anti-inflammatory cytokines and differentiate more into multinucleated resorbing osteoclasts \[[@B11],[@B12]\]. We have recently demonstrated that five cytokines (G-CSF, GM-CSF, IL-1-ra, IL-2 and IL-16) were significantly increased in circulating microparticles from acute CF patients, and induced the activation of pathways that are involved in osteoclast formation \[[@B9]\].

Nonetheless, all the molecular actors and precise origin of the vicious circle of inflammation and bone deformation seen in CF remains only partially understood. miRNAs) are small 22-nucleotide non-coding RNAs molecules that control gene expression by complementary base pairing with specific sites on the 3′-untranslated regions of their target gene mRNA) \[[@B13]\]. miRNAs are transcribed as primary transcripts in the nucleus and undergo further processing in the cytoplasm to produce mature strands that can also be found in plasma \[[@B14]\], serum \[[@B15]\], different body fluids \[[@B16]\] and even in follicular fluid \[[@B17]\]. miRNA levels can be modified in diseases such as cardiovascular disease \[[@B18]\] and cancer \[[@B19]\]. Since the level of circulating miRNAs could respond to certain diseases such as T2D and its associated complications \[[@B20],[@B21]\], we hypothesized that they might possess the potential in diagnosing the pathogenesis of CF disease. In this study, we demonstrate that CF patients exhibit an altered expression profile of circulating miRNAs that could reflect alteration in osteoclast differentiation.

Materials & methods {#S0001}
===================

Subjects {#S0002}
--------

51 patients with T2D were recruited consecutively from the Department of Podiatry and the Department of Endocrinology at Hamad Medical Corporation, Doha, Qatar. 17 of the participants had acute CF, 17 had neuropathy but no CF and 17 did not have without neuropathy or CF. Acute CF was diagnosed according to the American Diabetes Association and the American Podiatric Medical Association task force \[[@B22]\]. Patients had to have a swollen red foot with an increased local temperature of more than 20°C compared with the contralateral foot with x-ray evidence of acute CF. Foot temperature was measured using FLUKE Ti32 thermal imager (Fluke Corporation, WA, USA). All patients with acute CF had neuropathy diagnosed based on the vibration perception threshold (Neurothesiometer NU-1, Horwell, UK) on the great toe being \> 25 V (18). Among those, five had dislocations or subluxations, four had fractures, five had periosteal reactions and three had bone destruction on x-ray.

miRNA isolation {#S0003}
---------------

miRNAs were isolated from serum using the miRNeasy serum/plasma kit (\#217184, Qiagen, Hilden, Germany). Briefly, 2.5 ml of blood was collected in EDTA tubes and centrifuged at 3500 RPM for 5 min. The coagulated blood was discarded, and the supernatant corresponding to the serum was stored at -80°C. 200 μl of frozen serum was thawed for the isolation. The rest of the procedure was performed as per the manufacturer\'s protocol. Finally, RNA including miRNA was eluted with 14 μl RNase-free water according to the manufacturer\'s instructions.

miRNA profiling & analysis {#S0004}
--------------------------

To perform miRNA profiling of the serum samples, total RNA isolated from the samples were reverse transcribed to cDNA using the Exiqon Universal cDNA Synthesis Kit II (Exiqon Inc., MA, USA) following the manufacturer\'s instructions. Equal volumes of total RNA were used for cDNA synthesis from all samples since total RNA concentration isolated from blood cannot be accurately determined. The quality and integrity of the synthesized cDNA were assessed using the miRNA QC PCR Panel, 384 well (V4.M; Exiqon Inc.). cDNA was diluted 50-fold and mixed 1:1 with 2x Exilent SYBR Green master mix (Exiqon Inc.), along with ROX reference dye (4 μl/2 ml) (Thermo Fisher Scientific, MA, USA), before loading onto human serum/plasma focus miRNA PCR panels, 384 well. Quantitative real-time PCR was performed using the QuantStudio 12 K Flex real-time PCR System (Applied Biosystems, CA, USA). Exiqon GenEx qPCR analysis software (version 6) was used for processing the PCR data. To account for run-to-run variation among panels, inter-plate calibration was performed using the mean value of UniSp3 interplate calibrator. To avoid samples contaminated with cell-derived miRNAs, a hemolysis test was carried out by calculating the ΔCt between hsa-miR-23a-3p and hsa-miR-451a, and samples with ΔCt \> 7 were excluded from the analyses. miRNAs with Ct ≥35 were considered the background and omitted from the reports. A no-template negative control was run to eliminate assays with spurious amplifications resulting from primer dimers, and a ΔCt of 5 between the test and negative control was set as a cut-off. Individual Ct values were normalized to the global mean of all expressed miRNAs with Ct \< 35. miRNA assays with undetermined Ct values and represented as 'NaN' values were substituted with the column maximum of +1 as per guidelines. The data thus obtained were first converted to relative quantities on the linear scale and set as relative to nothing, before turning to the log scale to achieve an average distribution and for more uncomplicated graphical depiction. Comparisons were made between two groups at a time. Statistical analyses were carried out by performing an unpaired two-tailed t-test having a confidence interval of 95% (p-value ≤ 0.05) along with Bonferroni correction but without multiple advanced testing.

Results {#S0005}
=======

Participant characteristics {#S0006}
---------------------------

Our study group comprised 51 individuals (16 women and 35 men). The three groups were defined as follows -- G1 -- patients with T2D and acute CF,  G2 -- patients with T2D and neuropathy and  G3 -- T2D controls (without CF or neuropathy). Baseline characteristics of the study population are shown in [Table 1](#T1){ref-type="table"}. They were well balanced for age, gender, BMI and HbA~1c~. However, patients with CF (G3) and patients with T2D and neuropathy (G2) had the most prolonged diabetes duration compared with the control group (p = 0.0049).

###### **Principal characteristics of the patients included in the study. Diabetes but no neuropathy (G3), diabetes with neuropathy (G2) and diabetes with both neuropathy and Charcot foot (G1). Data are represented as mean (SD) or number (%).**

  **Characteristics**        **G1: Diabetes with Charcot, n = 17**   **G2: Diabetes with neuropathy, n = 17**   **G3: Diabetes without neuropathy, n = 17**   **p-value**
  -------------------------- --------------------------------------- ------------------------------------------ --------------------------------------------- -------------
  Age, years                 55.76 (9.53)                            54.35 (9.21)                               53.76 (9.21)                                  0.81
                                                                                                                                                              
  Gender (male/female)       11/6                                    12/5                                       12/5                                          0.75
                                                                                                                                                              
  BMI, kg/m^2^               31.33 (5.86)                            34.34 (7.12)                               29.93 (3.84)                                  0.08
                                                                                                                                                              
  HbA~1c~, %                 8.1% (1.80)                             8.36% (2.12)                               8.24% (1.90)                                  0.92
                                                                                                                                                              
  Fasting glucose, mmol/L    9.33 (4.51)                             10.69 (7.01)                               10.28 (4.31)                                  0.75
                                                                                                                                                              
  Diabetes duration, years   15.23 (5.50)                            15 (7.41)                                  8.47 (6.42)                                   0.0049
                                                                                                                                                              
  Systolic BP, mmHg          135.64 (18.53)                          135.64 (16.57)                             131.5 (15.95)                                 0.74
                                                                                                                                                              
  Diastolic BP, mmHg         73.29 (6.97)                            74.36 (10.04)                              77.06 (9.21)                                  0.48
                                                                                                                                                              
  eGFR, ml/min               82.81 (34.38)                           73.59 (46.30)                              94.69 (19.42)                                 0.22

BP: Blood pressure; eGFR: Estimated glomerular filtration rate.

miRNA expression {#S0007}
----------------

Using the high human serum/plasma focus miRNA PCR Panel, 384 well (V4.M), we measured the expression of 179 mature human miRNAs that are known to be usually present in the serum/plasma of healthy and diseased individuals of miRBase v16. Following the exclusion of hemolyzed samples, expression levels of circulating miRNAs were screened in 17 CF patients (G1, n = 17), 17 patients with T2D and neuropathy (G2, n = 17) and 17 control T2D patients (G3, n = 17). We looked at the differentially expressed miRNAs using three different comparisons. The first comparison comprised of patients with CF (G1) versus patients with T2D and neuropathy (G2), G1 versus G2 ([Figure 1](#F0001){ref-type="fig"}A). The second comparison consists of CF patients (G1) versus control T2D patients without CF or neuropathy (G3), G1 versus G3 ([Figure 1](#F0001){ref-type="fig"}B). Finally, we compared T2D patients with versus without neuropathy, G2 versus G3 ([Figure 1](#F0001){ref-type="fig"}C). In summary, the assay revealed a total of 51 significantly changed miRNAs in G1 versus G2 ([Supplementary Table 1](/doi/suppl/10.2217/epi-2018-0052/suppl_file/epi-10-1267-s1.docx); p \< 0.05), 37 considerably altered miRNAs in G1 versus G3 ([Supplementary Table 2](/doi/suppl/10.2217/epi-2018-0052/suppl_file/epi-10-1267-s1.docx); p \< 0.05) and 64 significantly deregulated miRNAs in the G2 versus G3 ([Supplementary Table 3](/doi/suppl/10.2217/epi-2018-0052/suppl_file/epi-10-1267-s1.docx); p \< 0.05).

![**Volcano plots.**\
Volcano plots showing differentially expressed miRNAs in the following comparisons: T2D with Charcot foot over T2D with neuropathy (Group 1 vs Group 2) **(A)**; T2D with Charcot foot over T2D without neuropathy (Group 1 vs Group 3) **(B)**; and T2D with neuropathy over T2D without neuropathy (Group 2 vs Group 3) **(C).** miRNAs with more than twofold change and a significant p-value after applying Bonferroni correction are shown in green. Those, which show more than twofold change but whose p-value significance is achieved by discounting Bonferroni correction are shown in yellow. Gray dots represent miRNAs exhibiting less than twofold change, while red dots stand for those showing more than twofold change but lacking statistical significance. Solid vertical lines indicate twofold upregulation or downregulation on the log scale. Dashed horizontal lines either mark p-value = 0.05 on the log scale (red line), or Bonferroni-corrected p-value cut-off (green line).\
T2D: Type 2 diabetes.](epi-10-1267-g1){#F0001}

We first looked at miRNAs that are repeatedly showing up in different comparisons using a Venn diagram ([Figure 2](#F0002){ref-type="fig"}). Interestingly, almost all the significantly expressed miRNAs in G1 versus G3 were present either in the G1 versus G2 ([Figure 2](#F0002){ref-type="fig"}, orange population) or G2 versus G3 comparisons ([Figure 2](#F0002){ref-type="fig"}, green population). This first observation demonstrates the robustness of our study as miRNAs differentially expressed in the G1 versus G3 comparison should represent the miRNAs that are specific to 'neuropathy' or 'CF'. Whereas miRNAs that are specific to the neuropathic condition delineated in G2 versus G3, and the ones specific to CF in G1 versus G2, as shown in our study.

![**Venn diagram.**\
A three-way Venn diagram representing the apparition of miRNAs in each comparison. The one in the center (black) appears in every contrast, the one at the merging of two circles (orange, purple, green) appears in two comparisons and the one in one circle only (yellow, red, blue) appears in only one set of data.](epi-10-1267-g2){#F0002}

Interestingly, five miRNAs, namely miR-451a, miR-652-3p, miR-15b-5p, miR-574-3p and miR-19b-3p, reoccurred within all three comparisons ([Figure 2](#F0002){ref-type="fig"}, black population). The key idea behind repeating miRNAs between the sets is to give us a sense of reliability. If a miRNA level varies, it should appear in the three comparisons, and the fold changes should be concordant between the comparisons. miR-451a (fold change: 2.51, G1 vs G2; 1.56 G1 vs G3; and -1.60, G2 vs G3), miR-652-3p (fold change 2.61, G1 vs G2; -1.60 G1 vs G3; and -4.18, G2 vs G3), miR-15b-5p (fold change 3.05, G1 vs G2; 1.99 G1 vs G3; and -1.53, G2 vs G3), miR-574-3p (fold change 2.48, G1 vs G2; -2.73 G1 vs G3; and -6.79, G2 vs G3) and miR-19b-3p (fold change 2.08, G1 vs G2; 1.33, G1 vs G3; and -1.56, G2 vs G3) are concordantly regulated between groups, providing once more an evidence of the robustness of our results. Among these five miRNAs, three are more expressed in the group G1 (CF): miR-451a, miR-19b-3p and miR-15b-5p.

Finally, seven miRNAs, namely miR19a-3p, miR101-3p, miR144-3p, miR16-2-3p, miR16-5p, miR362-3p and miR30e-5p were found in the two comparisons G1 versus G2 and G1 versus G3 ([Figure 2](#F0002){ref-type="fig"}, orange population). The recurrence of these seven miRNAs in both comparisons demonstrate their strong correlation with CF disease.

Association of miRNAs & target mRNAs via Ingenuity Pathway Analysis {#S0008}
-------------------------------------------------------------------

We then used the Ingenuity Pathway Analysis (IPA)\'s miRNA target filter functionality to predict mRNAs targeted by miRNAs that are vary between G1 and G2 groups. Of the 51 miRNAs differentially expressed between G1 and G2, only 39 had targeting information available ([Supplementary Table 4](/doi/suppl/10.2217/epi-2018-0052/suppl_file/epi-10-1267-s1.docx)). These 39 miRNAs were predicted to cumulatively target 12176 mRNAs, which we then shortened to a concise list of 380 mRNAs by focusing on seven pathways of interest for CF ([Figure 3](#F0003){ref-type="fig"}).

![**A network of predicted genes affected by differentially expressed miRNA from G1 versus G2 comparison created by Ingenuity Pathway Analysis.**\
The networks hypothesized by Ingenuity Pathway Analysis are based on the molecular relationships, interactions and pathway associations between the methylated candidate genes as shown in a graphical representation.](epi-10-1267-g3){#F0003}

Finally, we looked at the osteoclast differentiation pathway and searched for miRNAs that could be functioning in each step of the pathway ([Figure 4](#F0004){ref-type="fig"}). We found that 25 miRNAs ([Table 2](#T2){ref-type="table"}) were potentially directly involved in the differentiation of monocytes to osteoclasts. Among them, three passed the Bonferroni correction (miR-451a, miR-30e-5p, miR-1260a) and one of them (miR-451a) is present in the three comparisons, which make them outstanding candidate (bolded square and grey shading in [Table 2](#T2){ref-type="table"}). Another one, miR-19b-3p was found repeated in the three comparisons (gray shading in [Table 2](#T2){ref-type="table"}). It is also interesting to note that five miRNAs (miR-30e-5p, miR-16-5p, miR-101-3p, miR-144-3p and miR-362-3p) are present in the G1 versus G2 and G2 versus G3 comparisons (orange shading in the [Table 2](#T2){ref-type="table"}). Altogether, miR-451a, miR-30e-5p, miR-1260a, miR-19b-3p miR-16-5p, miR-101-3p, miR-144-3p and miR-362-3p seem to be interesting targets that merit further investigation in the context of CF.

![**Role of miRNA differentially expressed between G1 versus G2 in the osteoclast differentiation.**\
The graphical representation had been generated by Ingenuity Pathway Analysis and reflects the molecular relationships between miRNAs and candidate genes. miRNAs in red were overexpressed in Charcot foot (CF) patients as compared with Type 2 diabetes (T2D) patients with neuropathy, while the ones in green were downexpressed in CF patients compared with T2D patients with neuropathy.](epi-10-1267-g4){#F0004}

###### **miRNAs differentially expressed between G1 and G2 and involved in the osteoclast differentiation.**

  -------------------------
  ![](epi-10-1267-T2.gif)
  -------------------------

The color corresponds to the group defined within the Venn diagram ([Figure 2](#F0002){ref-type="fig"}). The three miRNAs inside the bold square are the one that passed the Bonferroni significance.

Discussion {#S0009}
==========

Our study is the first exploratory report on differential expression of circulating miRNAs in T2D patient with CF. We compared patients with diabetic CF to two control groups: T2D patients with neuropathy and T2D patients without neuropathy or CF, which lead to robust data with a sense of repeatability. We report in here the presence of 51 differentially expressed circulating miRNAs in T2D patients with CF when compared with T2D with concomitant neuropathy. Among those, we demonstrated through the IPA\'s miRNA target filter functionality that 25 miRNAs could be involved in monocytes differentiation into osteoclasts.

Within the 25 differentially expressed miRNAs involved in osteoclast differentiation revealed by our study, eight are interesting potential targets: miR-451a, miR-30e-5p, miR-1260a, miR-19b-3p miR-16-5p, miR-101-3p, miR-144-3p and miR-362-3p. In diabetic nephropathy, miR-451a can suppress the NF-kB-mediated pro-inflammatory molecules expression through inhibiting the large multifunctional protease 7 \[[@B23]\]. In our study, CF patients had an increased level of miR-451a (miRNA Bonferroni significant and present in the three comparisons), suggesting that it could be a potential candidate for targeting NF-kB in CF patients. miR-30e-5p has been demonstrated to be one of the circulating miRNA signatures in patients with idiopathic and postmenopausal osteoporosis \[[@B24]\]. miR-30e-5p has also been found to be a prolific marker in Lupus erythematosus \[[@B25]\]. miR-1260a was investigated essentially in the context of cancer: breast \[[@B26]\], neuroblastoma \[[@B27]\] or hepatocarcinoma \[[@B28]\]. miR-19b-3p has been found to suppress TGF-β RII preventing fibrogenesis in cardiac fibroblasts \[[@B29]\]. miR-19b-3p can also inhibit TNF-α induced endothelial cell apoptosis through Apaf1/caspase-dependent pathway \[[@B30]\]. Calimlioglu *et al*. demonstrated that miR-16-5p is a prominent molecular biomarker of T2D at different tissues \[[@B31]\]. miR-101-3p has been greatly described to be correlated with metastasis process in cancer \[[@B32],[@B33]\]. Recently, Sun *et al*.  demonstrated that miRNA-144-3p can prevent bone formation through targeting Connexin 43 \[[@B34]\]. Moreover, miRNA-144-3p has been shown to promote osteoarthritis \[[@B35]\] and the proliferation of osteosarcoma cells \[[@B36]\]. Finally, miR-362-3p has been shown to be involved in proliferation and migration processes \[[@B37],[@B38]\].

Circulating miRNA levels may be affected by numerous intrinsic and extrinsic elements such as the gender, the measurement platform and type of samples obtained \[[@B39]\]. In our study, miRNAs were measured on the same platform and at the same time; hence removing the possibility of a batch effect. Additionally, there was no difference in gender, neither of other traditional diabetes risk factors such as age, BMI and HbA~1c~. Diabetes duration was the only parameter different among the three groups as patients with CF had a longer duration. However, this did not impact the expression of miRNAs (data not shown). It has been previously reported that additional RNA could be released from cells during the coagulation process, which might create a biased repertoire of circulating miRNAs in the serum \[[@B40]\]. However, our samples were all processed the same way, thus excluding a coagulation pattern bias between the groups. Conversely, the concentrations of the highly abundant miRNA species in blood cell components such as, miR-150 in WBCs, miR-16 in RBCs and miR-126 in platelets were not found differentially expressed between groups. Besides, we also left out from the analysis those samples that showed signs of hemolysis.

Currently, quantitative PCR (qPCR) and RNA-Seq are the favored method for determining miRNA expression, due to its accuracy, simplicity, reproducibility and lower cost than other hybridization- or sequencing-based technologies. We chose a very well evaluated and reliable PCR platform that was shown to be the most highly developed and reliable PCR-based miRNA profiling format, that delivers an outcome most comparable to RNA sequencing \[[@B41]\].

Implications of epigenetics generally, and miRNAs in particular, are being increasingly recognized in clinical settings. Several miRNAs are differentially expressed in human cell cultures and tissues of patients with T2D \[[@B21]\]. Moreover, miRNAs can also predict the occurrence of cardiovascular events or their prognosis in those patients. In patients with coronary artery disease, it was found that miR-4513 was associated with a higher incidence of diabetes and increased long-term mortality \[[@B42]\]. In patients with renal failure, miR-210 and miR-16 predicted a worse prognosis and a greater decline in kidney function \[[@B43]\].

Our study has few limitations. First, our sample is relatively small. A larger sample set may have enabled the identification of more altered miRNAs with a higher degree of confidence. But since CF is a rare disease, enrolling a higher number of patients is logistically more challenging. Second, our participants were well balanced for diabetes and cardiovascular predictors of epigenetics changes (age, gender, BMI and HbA~1c~, blood pressure, kidney function). Nevertheless, we cannot exclude the presence of cofounding factors and other comorbidities that we did not record and could have influenced our results. Finally, our study population consists only of Arabs. Our findings may therefore not apply to other ethnic groups.

In summary, we report the presence of several differentially expressed miRNAs in patients with T2D and CF disease. Moreover, eight of those miRNAs could be directly implicated in the pathophysiology of the disease. Further studies are needed on a larger group of patients to elucidate better the role of those miRNAs concerning the progression of CF disease and the ability of those miRNAs to differentiate between CF and other foot diseases in diabetes.

###### Summary points

-   Charcot foot (CF) disease is a rare but severe complication of diabetes, which is characterized by an exaggerated inflammation, excessive bone loss and increased osteoclastic activity.

-   We performed the first exploratory study on differential expression of circulating miRNAs in patients with Type 2 diabetes (T2D) and CF.

-   We revealed the presence of 25 differentially expressed circulating miRNAs that could be involved in monocytes differentiation into osteoclasts.

-   Eight of those miRNAs are potential targets that could be directly linked to the pathophysiology of the disease.

-   In summary, we report the presence of several differentially expressed miRNAs in patients with T2D and CF disease.

-   Further studies are needed to elucidate better the role of those miRNAs in the progression of diabetic CF disease and their ability to differentiate between CF and other foot diseases in diabetes.
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